miR-21 expression in cancer and other diseases
==============================================

MicroRNA-21 (miR-21) has been identified as the best hit in a number of medium-scale and high-scale profiling experiments designed for the detection of miRNAs dysregulated in cancer. The first indication of miR-21\'s aberrant expression came from the miRNA profiling of human glioblastoma (GBM), the most malignant brain tumour of glial origin \[[@b1]\]. miR-21 was strongly elevated in all high-grade glioma samples tested, including tumour tissues from patients and early passage GBM cultures established from additional patients. Similar increases in miR-21 expression were found in six commonly used model cell lines derived from GBM, an important finding since GBM tumours and cell lines are genetically extremely diverse, with a number of tumour suppressor genes and proto-oncogenes often mutated, lost or amplified, and no common genetic marker was identified prior to the discovery of miR-21. In most cases, the concomitant up-regulation of the 72-nt miRNA precursor (pre-miR-21) was also apparent on Northern blots. The miR-21 up-regulation in glioma was in comparison to a variety of controls including non-neoplastic adult human and mouse brain tissues (cortexes and white matters), foetal human and mouse brain tissue at multiple stages of development, rat primary neurons and astrocytes, mouse embryonic stem cells, embryoid bodies, neural precursors and their neuronal and glial derivatives, P19 neuronal cells, as well as mouse astrocytic and oligodendrocytic cells differentiated from adult hippocampal progenitor cell \[[@b1]\]. All of these controls showed either trace or no expression of miR-21 compared with glioma samples. Elevated expression of miR-21 in GBM was further confirmed by an independent study \[[@b2]\].

In a large-scale profiling of miRNA expression in 540 human samples derived from 363 specimens representing six types of solid tumours and 177 respective normal control tissues \[[@b3]\], miR-21 was the only miRNA up-regulated in all types of the analysed tumours, including the breast, colon, lung, pancreas, prostate, and stomach. Additional studies demonstrated elevated miR-21 expression in hepatocellular carcinomas \[[@b4]\], gastric cancer \[[@b5]\], ovarian cancer \[[@b6]\], cervical carcinoma \[[@b8]\], multiple head and neck cancer cell lines \[[@b9]\], papillary thyroid carcinoma \[[@b10]\] and some other solid tumours. More recent studies indicate that miR-21 is also up-regulated in leukaemic cancers. Its expression is dramatically higher (up to 10-fold) in patients with chronic lymphocytic leukaemia (CLL) than in normal CD19^+^ lymphocytes \[[@b11]\]. It is also overexpressed in aggressive diffuse large B-cell lymphoma (DLBCL), in both *de novo* and transformed cases, and follicular center lymphoma cases compared with normal B cells \[[@b12]\]. It is consistently up-regulated in different subgroups of the disease as heterogeneous as acute myeloid leukaemia (AML), regardless of their cytogenetic status and the presence of specific mutations \[[@b13]\]. miR-21 is also overexpressed in both Hodgkin lymphoma lymph nodes and the human Hodgkin lymphoma cell lines \[[@b14]\]. Generally, miR-21 expression levels are also very high in most cancer cell lines of various origins, and in some lines, it accounts for up to 15--25% of the cellular miRNA content \[[@b15]\]. Therefore, abundant miR-21 may be a general, albeit not universal, feature of tumour cells ([Table 1](#tbl1){ref-type="table"}). miR-21 is also strongly up-regulated in Epstein--Barr virus-infected human B lymphocytes \[[@b16]\] and hepadnavirus-associated hepatocellular carcinoma \[[@b17]\], suggesting the possibility that it is also involved in viral infections and virus-linked proliferative disorders.

###### 

miR-21 regulation and function in human cancer

  Cancer                        miR-21 expression in human tissues/cells                            miR-21 involvement in biological process                 miR-21 targets                                                               References
  ----------------------------- ------------------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------------------------- ------------
  Glioma                        Up-regulation in GBM tumours, primary cells and glioma cell lines   Invasion and cell growth                                 PDCD4, RECK, TIMP3?[\*](#tf1-1){ref-type="table-fn"}, NFIB, APAF1?, STAT3?   \[[@b1]\]
  Breast cancer                 Up-regulation                                                       Cell growth, apoptosis, angiogenesis and invasion        PDCD4, TPM1, maspin                                                          \[[@b3]\]
  Ovarian cancer                Up-regulation                                                                                                                                                                                             \[[@b6]\]
  Colorectal cancer             Up-regulation                                                       Cellular outgrowth, migration, invasion and metastasis   PDCD4, NFIB, SPRY2                                                           \[[@b3]\]
  Stomach/gastric cancer        Up-regulation                                                                                                                RECK                                                                         \[[@b3]\]
  Hepatocellular carcinoma      Up-regulation                                                       Cell migration and invasion and proliferation            PTEN?                                                                        \[[@b4]\]
  Prostate cancer               Up-regulation                                                                                                                                                                                             \[[@b3]\]
  Pancreas cancer               Up-regulation                                                                                                                                                                                             \[[@b3]\]
  Lung cancer                   Up-regulation                                                                                                                                                                                             \[[@b3]\]
  Head and neck cancer          Up-regulation in cell lines                                                                                                                                                                               \[[@b9]\]
  Thyroid carcinoma             Up-regulation                                                                                                                                                                                             \[[@b10]\]
  Cervical cancer               Up-regulation                                                                                                                                                                                             \[[@b8]\]
  Cholangiocarcinoma                                                                                                                                         PTEN?                                                                        \[[@b87]\]
  Leukaemia                     Up-regulation in CLL and AML patients                                                                                                                                                                     \[[@b11]\]
  B-cell and Hodgkin lymphoma   Up-regulation in patients and cell lines                                                                                                                                                                  \[[@b12]\]

Question mark depicts direct targeting to be further validated.

Interestingly, high levels of miR-21 may not only characterise cancer cells but also represent a common feature of pathological cell growth or cell stress. For example, miR-21 is up-regulated in several models of mouse hypertrophic heart including thoracic aortic banding, which induces hypertrophy by increased afterload on the heart, and in transgenic mice expressing constitutively active calcineurin A in the heart muscle, which results in a severe, well-characterised form of hypertrophy \[[@b18]\]. It is also elevated in vascular walls after balloon injury, a model of vascular neointimal lesion formation \[[@b21]\]. One group also demonstrated a five-fold up-regulation in hypertrophic left cardioventricular tissue from human patients with end-stage systolic heart failure \[[@b22]\]. *In vitro*, miR-21 was the most up-regulated miRNA in cultured rat neonatal cardiac myocytes stimulated with the hypertrophic agents angiotensin II and phenylephrine \[[@b18]\]. While there is a good agreement among independent studies of miR-21 expression in hypertrophic heart and vasculature, the data regarding its functional effects obtained by several groups appear more controversial. For example, inhibition of endogenous miR-21 by antisense 2′O-Me molecules slows down the hypertrophic growth in a model of induced hypertrophy in cultured cardiomyocytes \[[@b18]\]. Down-regulation of aberrantly expressed miR-21 also reduces neointima formation in rat carotid artery after angioplasty by affecting both proliferation and apoptosis of vascular smooth muscle cells (VSMCs) \[[@b21]\]. Conversely, miR-21 overexpression by its synthetic mimics transfected in cultured cardiomyocytes in combination with miR-212 and miR-129 mimics modified a set of foetal cardiac genes and led to the development of cellular hypertrophy \[[@b22]\]. In contrast, a study by Tatsuguchi *et al*. \[[@b19]\] suggests that miR-21 has a subtle yet reproducible inhibitory effect on cardiac hypertrophy, whereas LNA-based miR-21 inhibitors may induce hypertrophy. Regardless of its role, miR-21 is clearly up-regulated in cardiac hypertrophy and in a variety of other human proliferative disorders, implying a function in regulating cell growth.

This idea is further supported by evidence of miR-21 induction associated with cellular dedifferentiation. An interesting example is the restricted thyroid cell line FRTL-5 that depends on the presence of thyroid-stimulating hormone (TSH). Oncogenic Ras induction leads to dedifferentiation and TSH-independent proliferation of the thyroid cells and up-regulation of miR-21 after 7 days from 0.3% to 11% total miRNA content \[[@b15]\]. Ras-induced expression of miR-21 can be mediated through signal transducer and activator of transcription (STAT3) and/or SMADs signalling (see the next section). The understanding of this subject, however, is further complicated by unexpected patterns of miR-21 expression during differentiation: in cell lines expressing low or undetectable levels of miR-21 (such as mouse embryonic stem cells, neuroblastoma human SHSY5Y, NTera2 or mouse NG, N1E, N2A and myeloid line HL-60), its expression is induced by differentiation signals such as phorbol 12-myristate 13-acetate (PMA) and retinoic acid \[[@b15]\]. It is also induced in adherent mammosphere cultures differentiating on collagen \[[@b26]\].

One interesting observation was made by Fujita \[[@b25]\] using PMA-induced terminally differentiating HL-60 cells, whose differentiation into monocytes/macrophages is concomitant with miR-21 induction. Within 24 hrs of PMA treatment, wild-type HL-60 cells attach to the substrate and dramatically perturb their cell division rate in association with macrophage differentiation. However, the HL-60-overexpressing exogenous miR-21 neither attach to the substrate nor exhibit cell division arrest, even at 72 hrs after lentivirus vector transduction. Instead, they demonstrate cell division stimulation as a result of forced expression of miR-21. miR-21 overexpression in these cells therefore does not allow a characteristic exit from the cell cycle, but enhances proliferation, suggesting that accurate control of miR-21 levels and function is critical for balancing cellular proliferation and differentiation. These findings led to the speculation that relatively low levels of miR-21 may be temporary and spatially required for differentiation and development, whereas high levels may have an oncogenic potential. Therefore, the central question posed by numerous studies described above is how miR-21 expression is regulated and what are the mechanisms leading to its deregulation in human disease.

Mechanisms of miR-21 elevation in cancer: multi-level regulatory control
========================================================================

The mature miR-21 is perfectly conserved in mammals, as many other miRNAs are, and is encoded by a single gene. The human miR-21 gene is relatively well characterised and mapped to chromosome 17q23.2, where it overlaps with the protein-coding gene VMP1 (or TMEM49), a human homologue of rat vacuole membrane protein \[[@b25]\]. Common up-regulation of miR-21 expression in cancer led us to examine the possible amplification of this genomic locus in cancer.

The amplification of the 17q chromosomal region is associated with a number of cancers, including breast \[[@b28]\] and prostate cancer \[[@b29]\], and occurs in ∼50% of medulloblastoma cases \[[@b30]\]. The 17q region has also been associated with frequent gains in Hodgkin lymphoma \[[@b31]\]. However, the genomic locus encoding miR-21 is not amplified in most cancers including those expressing very high levels of miR-21, such as GBM and CLL \[[@b11]\]. In particular, an analysis of genomic DNA from CLL patients and healthy donors showed that an increase in miR-21 expression was not paralleled by the corresponding locus amplification. Similarly, there is no current evidence of association of the 17q chromosomal region with GBM, although amplification of 17q23 is frequent and predictive in neuroblastomas \[[@b33]\], one of the few 'atypical' types of cancers with low miR-21 levels. Altogether, there is no clear correlation between the amplification of miR-21 genomic locus and its elevated expression in cancer, suggesting that deregulation in the expression of this miRNA occurs at either the transcriptional or the post-tran-scriptional level or both.

Interestingly, the miR-21 gene is located in the fragile site FRA17B within the 17q23.2 chromosomal region, which is one of the HPV16 integration loci \[[@b34]\]. It is known that HPV integration into the host cell genome can cause genetic and epigenetic alterations, suggesting that the mapping of miR-21 gene at or near HPV integration sites may contribute to its elevation in cancer. Infection with HPV16 or 18 is a major risk factor for developing cervical cancer, and common fragile sites are preferential targets for HPV16 integrations in cervical tumours \[[@b35]\]. miR-21 up-regulation in cervical carcinoma therefore may be associated with HPV16 integration. Nevertheless, the question remains how miR-21 is regulated in various (other) tumours and if there is a common mechanism. To start addressing these questions, we will review the information about miR-21 transcription and processing.

Transcriptional control
=======================

Since mature miR-21 is abundant in most cancerous cell lines, it was among the first miRNAs used as a model for studying miRNA expression and maturation \[[@b27]\]. Several primary (pri-miR-21) transcripts have been identified in a number of cell types by applying RACE and primer extension analyses. In 293T cells, transcribed by RNA polymerase II, capped and polyadenylated unspliced ∼3.5-kb pri-miR-21 was detected \[[@b27]\], and in PMA-induced HL-60 cells, a different promoter was identified whose PMA-dependent utilisation led to the transcription of the longer ∼4.3-kb pri-miR-21 \[[@b25]\]. This pri-miR-21 is transcribed independently from the overlapping protein-coding VMP1 gene, since the last does not respond to PMA treatment and is polyadenylated before reaching the miR-21 hairpin region \[[@b25]\].

An analysis of the consensus sequences within the miR-21 promoter region identified several conserved enhancer elements ([Fig. 1](#fig01){ref-type="fig"}), including the binding sites for activation protein 1 (AP-1; composed of Fos and Jun family nuclear oncogenes), Ets/PU.1, C/EBP-α (key factors governing haematopoietic lineage differentiation), nuclear factor I (NFI), SRF, p53 and signal transducer and activator of transcription 3 (STAT3) \[[@b25]\]. The human miR-21 promoter retains all of these elements, and their high conservation among vertebrates suggests that highly conserved transcriptional regulatory mechanisms operate on the promoter. Experiments with heterologous luciferase reporters bearing different enhancer elements, either wild-type or mutated, in their promoter region revealed that AP-1, induced by PMA, triggers the transcription of pri-miR-21, and that c-Fos and c-Jun are the principal contributors among the AP-1 components induced \[[@b25]\]. In addition, two Ets/PU.1 elements in the miR-21 promoter enhance its transcriptional activation by AP-1. Oncogenic transformation is frequently associated with the enhancement of endogenous AP-1 activity through various signal transduction pathways, and AP-1 activation strongly contributes to the oncogenic potential. Therefore, up-regulated miR-21 expression in multiple types of cancers may reflect the elevated AP-1 activity in these carcinomas. In addition, miR-21 transcription is induced by STAT3, another factor whose activation is essential for the transforming potential of many oncogenes. STAT3-dependent miR-21 transcription was demonstrated in IL-6-stimulated XG-1 and INA-6 myeloma and HepG2 hepatocellular carcinoma cells \[[@b36]\].

![The consensus sequence of putative promoter region of miR-21. Conserved bases across vertebrates are shown in capitals and non-conserved bases or deletions are denoted by 'n'. The arrow indicates the transcription start site of pri-miR-21. Conserved regions of various transcription factors are indicated by different colours. Two additional RE-1-binding elements responding to transcription factor REST are located at 7214 and 7100 bp upstream of the miR-21 transcription start site \[[@b38]\]. This figure is reproduced from reference 25.](jcmm0013-0039-f1){#fig01}

On the other hand, NFIB and C/EBP-α binding to the miR-21 promoter contribute to the repression of the basal-level transcription of miR-21 \[[@b25]\]. Dissociation of these factors from the promoter occurs quickly (within 4 hrs) after PMA stimulation of HL-60 cells and leads to enhanced promoter activity. Important and distinct roles of AP-1/PU.1 for monocyte and C/EBP-α for granulocyte differentiation may be partly mediated by miR-21. Moreover, interactions among stimulatory (*e.g.* AP-1 and STAT3) and inhibitory (NFIB and C/EBP-α) transcription factors may determine the activity of the miR-21 promoter not only in myeloid but in other cellular settings as well. For example, low levels of miR-21 in the normal brain \[[@b15]\] may be explained by its repressed transcription caused by NFIB, a factor abundantly expressed in the brain and involved in brain development \[[@b37]\].

An additional regulator of miR-21 transcription is RE-1-silencing transcription (REST) factor, which is believed to be a major transcriptional repressor of neurogenesis. It is associated with and blocks transcription from the miR-21 promoter in mouse ES cells \[[@b38]\]. However, REST activity did not influence miR-21 expression in Hdh7/7 mouse cell line derived from embryonic striatum \[[@b39]\], suggesting additional cell-specific factors that may affect REST interaction with the miR-21 promoter.

An additional mechanism by which miR-21 expression may be increased in specific cells is the epigenetic modification of its transcriptional regulatory sequences. One study demonstrated that miR-21 was among several miRNAs strongly induced in ovarian cell line OVCAR3 by treatment with a demethylating agent 5-AZA, and therefore suggested that the hypomethylation could be the mechanism responsible for its overexpression *in vivo*\[[@b6]\]. Further research is clearly required to investigate the epigenetic mechanisms of miR-21 induction in disease.

Transcriptional control of miR-21 expression, especially in cancer, seems to be rather an exceptional phenomenon. For the majority of miRNAs dysregulated in cancer, the changes in the expression levels of mature miRNAs do not correlate with the levels of their primary precursors, mostly unchanged, indicating that most of the regulation takes place after transcription \[[@b40]\]. However, for miR-21, at least during development, there is a good correlation between pri-miR-21 and miR-21 levels, suggesting that (*i*) transcription is indeed an important regulatory step for miR-21 expression and function, (*ii*) miR-21 transcription and processing must be tightly coupled and, consequently, (*iii*) miR-21 processing is highly efficient. An analysis of multiple cancers revealed that the expression of numerous miRNAs is repressed in human cancers \[[@b41]\], a phenomenon referred as 'global repression of miRNAs in cancers'. The fact that this repression does not coincide with reductions in the primary miRNA transcripts suggests that altered regulation of the miRNA-processing machinery might occur in human cancers. If true, specific pri-miRNA/pre-miRNA sequences, such as the miR-21 precursor, may serve as preferential substrates for Drosha and/or Dicer in such conditions of reduced or impaired activity of the miRNA-processing machinery. The unusually efficient processing of the miR-21 precursor would explain why the mature molecule is strongly up-regulated, whereas the expression of many other miRNAs is reduced.

Post-trancriptional regulation
==============================

A recent study of TGF-β- and BMP-induced miR-21 expression in VSMCs has revealed additional mechanisms that control miR-21 processing, which again makes this molecule outstanding \[[@b42]\]. In the BMP4-treated human primary pulmonary artery smooth muscle cells, mature miR-21 was up-regulated at the expense of many other tested miRNAs. This elevation was after transcription, likely at the level of processing of the primary transcript by the Drosha microprocessor complex. After ligand stimulation, receptor-specific SMAD signal transducers (SMAD1/5 and SMAD2/3) were recruited to pri-miR-21 in a complex with the RNA helicase p68, a component of the Drosha microprocessor complex. This led to a fast (within 30 min) SMAD4-independent processing of pri-miR-21 to pre-miR-21, followed by its subsequent maturation, resulting in an active miR-21 molecule \[[@b42]\].

Since TGF-β expression is often increased in cancer cells, where it promotes epithelial-to-mesenchymal transition (EMT) and metastatic behaviour, it is conceivable that a similar mechanism may operate in cancer cells as well. Indeed, TGF-p/BMP4-induced pri-miR-21 processing and up-regulation of the mature miR-21 was also observed in MDA-MB-468 breast carcinoma cells \[[@b42]\]. Similarly, miR-21 was also induced in TGF-β- stimulated human HaCaT keratinocytes, a model of EMT, recapitulating epithelial injury and progression of epithelial tumours \[[@b43]\]. It seems that miR-21 is one of the only few miRNAs whose processing is regulated by TGF-β. An open question remains regarding the determinants of SMAD specificity in their selection of pri-miR-21, that is, how unique is the pri-miR-21 in this regard? The MH1 domain of R-SMADs binds DNA by specifically recognizing a sequence element. It was also observed that the MH1 domain of SMAD1 associates with pri-miR-21 despite its inability to interact with p68 \[[@b42]\]. One could therefore speculate that the SMAD MH1 domain may recognise an RNA sequence or a structural element and thus provide specificity in the selection of BMP and TGF-β target miRNA.

Interestingly, miR-21 is one of the miRNAs consistently induced in response to hypoxia, as demonstrated in breast and colon cancer cells \[[@b44]\]. The hypoxia-induced factor 1 (HIF-1)-binding site is present in the pri-miR-21 promoter \[[@b44]\], but the possibility that miR-21 is directly regulated by this transcription factor remains to be tested. Alternatively, hypoxia may regulate miR-21 expression in an HIF-1-independent manner, for example, through AP-1 transcription (the pathway observed in \[[@b45]\]) or by stimulating TGF-β signalling and miR-21 maturation. These mechanisms may cooperate in miR-21 induction since TGF-β can enhance both AP-1 and HIF-1 DNA-binding activities \[[@b46]\]. Given that hypoxia is an essential factor of the neoplastic microenvironment, and of cardiovascular pathology, these data provide an additional link between cell physiology and the stress associated with pathological cell growth and control of miR-21 gene expression.

miR-21 functions in cancer
==========================

How does miR-21 work? What genes does it regulate? Do the proteins whose expression is regulated by miR-21 function coordinate in one or multiple signalling pathways? Recent studies have begun to shed light on the molecular mechanisms by which miR-21 regulates cellular processes. To study miRNA function, both gain- and loss-of-function approaches are commonly utilised. miRNAs are typically overexpressed by transfecting the cells either with the so-called miRNA mimics (synthetic dsRNA duplexes similar to pre-miRNA hairpin) or with pri-miRNA-like vectors that are processed to produce the mature miRNA. For miRNA knockdown, various synthetic chemically modified antisense oligonucleotides (ASOs) are applied. Although both miR-21 overexpression and inhibition have been used by several groups to investigate its functions and targets, it is difficult to compare or merge the results of these studies due to a number of common issues.

First, both miRNA overexpression and inhibition with synthetic oligonucleotides must be validated. Reporter assays designed to validate modulated functional activity of the miRNA are optimally suited for this purpose. Such assays are usually based on luciferase- or GFP-encoding vectors with an miRNA-binding site (miRNA antisense sequence) inserted into the 3′UTR of the reporter. However, it is still quite common to solely test miRNA levels after transfection with miRNA mimics or ASOs by qRT-PCR or Northern blotting and report the results as a confirmation of successful gain- or loss-of-function. These techniques can easily be misleading since the oligonucleotides used for the overexpression and inhibition may interfere with the detection and create false-positive results. In many cases, the results of such expression analysis overestimate the degree of functional miRNA over-expression or inhibition.

Second, overexpression of double-stranded miRNA mimics may lead to RISC incorporation and functional activity of the second (unintended) strain. For some miRNAs, the design of a duplex with the functionally active 'right' strand is straightforward; for others, however, the undesired passenger strand may become more stable and preferentially active. The rules of strand selection for some pre-miRNA-like duplexes may be more complex than currently appreciated, and therefore validation of the functional overexpression of the 'right' strand should be applied. In particular, our data suggest that overexpression of miR-21 using synthetic duplexes often leads to a preferential passenger strand activity. In this case, phenotypic effects observed as a result of such artificial activity should not be interpreted as a function of miR-21 signalling.

Last, ASOs used for miRNA inhibition vary greatly in their potency as well as their specificity. Based on published data \[[@b47]\] and our own unpublished observations, commonly used LNA ASOs are more potent as miRNA inhibitors than 2′O-Me ASOs. However, because of their high affinity to a target, they may produce a wide range of non-miRNA-mediated off-target effects if designed suboptimally. A careful analysis is required to discriminate such effects from genuine miRNA functions (see below). We currently use 2′-O-MOE ASOs that seem optimal in terms of both their potency and their specificity \[[@b47]\]. In the rapidly developing miRNA field, however, the phenotypic effects and changes in protein-coding gene expression caused by miRNA ASOs are often immediately interpreted as results of the miRNA knockdown. Although a number of studies have been performed on miR-21 using these approaches, not all of them validated *bona fide* modulation of miR-21 activity. Therefore, the results should be translated with a certain degree of caution.

With these notes in mind, we believe that the following studies provide supportive evidence for an oncogenic role of miR-21. Overexpression of miR-21 from the expression vector pSIF carrying the miR-21 gene driven by the H1 RNA polymerase III promoter led to an approximately two-fold increase in anchorage-independent colony formation of human MCF7 breast carcinoma and murine JB6 epidermal cells, both serving well-characterised models of neoplastic transformation \[[@b50]\]. Elevation of miR-21 using an expression vector significantly promoted survival and reduced cytokine dependency of myeloma cells \[[@b36]\]. Enhanced miR-21 expression by transfection with precursor miR-21 increased tumour cell proliferation, migration and invasion in cultured human hepatocellular cancer cells \[[@b51]\] and invasion of colon cancer cells \[[@b52]\]. Conversely, inhibition of miR-21 expression by various ASOs reduced anchorage-independent colony formation, proliferation and invasion while inducing apoptosis of hepatocellular carcinoma cells \[[@b17]\]. In addition, reduced proliferation and tumour growth of MCF7 breast cancer cells \[[@b53]\], motility and invasiveness of glioma \[[@b49]\] and invasion, intravasation and metastatic capacity of colon cancer cells \[[@b52]\] were reported. This overwhelming spectrum of data clearly implies that miR-21 is a key molecule on the roadmap of carcinogenesis. It is also noticeable that miR-21, as one of the miRNAs induced by hypoxia and up-regulated in cancer, possesses pro-survival and anti-apoptotic properties; its expression may therefore represent an adaptation to a hypoxic environment that favours cancer cell survival.

Identification of direct miR-21 targets
=======================================

Since there is just partial complementarity between miRNAs and their targets in animal cells, the identification of specific target genes for a given miRNA still represents a major challenge in our understanding of miRNA function. Several computational algorithms predict hundreds of mRNAs as possible targets for miR-21 \[[@b55]\]; however, relatively few have been experimentally validated. In different cellular contexts, one miRNA perhaps can regulate diverse pathways and cause various phenotypes depending on the availability of a certain population of mRNA targets. Both gene prediction-based and systematic screening approaches have been used to identify miR-21 targets. Since miRNAs can regulate both mRNA stability and translation into protein, direct targets can be identified among either mRNAs or proteins whose expression is affected by miR-21. For this reason, mRNA array expression \[[@b49]\] and proteomics \[[@b58]\], each with certain advantages and flaws, have been used after cell treatments with anti-miR-21.

While mRNA array analysis following miRNA inhibition or over-expression is a relatively simple and robust method for target identification, this approach cannot, as per definition, identify mRNAs subjected exclusively to translational repression. This apparent limitation may not be as strong as initially thought, since recent data suggest that the majority of miRNA regulation can be detected at mRNA levels (see also the examples below) \[[@b59]\]. Proteomics, on the other hand, can potentially identify targets regulated at the translational level as well. However, the sensitivity and resolution of currently available proteomic tools typically allow identification of ∼1000 proteins by a two-dimensional differentiation in-gel electrophoresis or, maximally, 2000--5000 proteins by a recently developed quantitative mass spectrometry-based approach using stable isotope labelling with amino acids in cell culture (SILAC) compared with ∼30,000 protein-coding mRNAs identified by a traditional Affimetrix or Agilent gene expression arrays. Generally, whole-genome profiling approaches like mRNA expression arrays have an additional advantage. They allow for the determination of enrichment of miRNA seed-containing mRNAs (putative targets) among negatively regulated genes, and thus validate the specificity of miRNA manipulation (*e.g.* inhibition). Both mRNA and protein analyses have been utilised for identification of miR-21 targets, resulting in tropomyosin 1 (TPM-1) identified by proteomics and programmed cell death protein 4 (PDCD4), and reversion-inducing cysteine-rich protein with kazal (RECK) motifs by mRNA arrays. Below, we briefly describe validated miR-21 direct targets that meet at least the following criteria: (*i*) their expression correlates inversely with miR-21 levels and activity (i.e. increased in anti-miR-21-treated cells and reduced in miR-21-overexpressing cells); (*ii*) they have miR-21 binding site(s) with a complementary seed and are capable of directly binding to miR-21, as detected in a luciferase reporter assay. The luciferase constructs with a target 3′UTR are specifically responsive to miR-21 overexpression or anti-miR-21 treatment (or both). Finally, deletion or mutation of the miR-21 binding site from the 3′UTR abolishes the miR-21 regulation (the targets are summarized in [Table 1](#tbl1){ref-type="table"}).

PDCD4 is one of the principal miR-21 targets validated independently by several groups. It has a single highly conserved miR-21 target site within its 3′UTR, and its regulation by miR-21 has been reported in a number of human cancer cells including breast cancer \[[@b53]\], colorectal cancer \[[@b52]\] and glioma \[[@b49]\], as well as in a murine JB6 epidermal model of neoplastic transformation \[[@b50]\]. Reduced PDCD4 expression has been reported in at least six human tumour types or cancer cell lines (lung, brain, renal, breast, colon and pancreas) \[[@b61]\] in which miR-21 is overexpressed \[[@b1]\], indicating that miR-21-PDCD4 is likely to be a clinically significant oncogene/tumour suppressor pair in the induction and progression of human carcinomas. PDCD4 is also a functional target of miR-21 involved in the BMP-mediated induction of smooth muscle cell markers in the differentiation of vascular smooth muscle cells \[[@b42]\].

Initially discovered as a gene that is up-regulated in apoptosis in response to a number of inducers \[[@b68]\], PDCD4 was further characterised as a potent tumour suppressor. PDCD4 inhibits PMA-induced neoplastic transformation \[[@b70]\] and tumour promotion and progression \[[@b71]\] and inhibits invasion and intravasation \[[@b72]\]. It is down-regulated in a number of cancers, and its suppression in lung and colorectal cancers is associated with poor patient prognosis \[[@b61]\]. PDCD4 interacts with translation initiation factors eIF4A and eIF4G and inhibits translation initiation by displacing eIF4G and RNA from eIF4A \[[@b74]\]. Specific molecules regulated by PDCD4 include p21 \[[@b77]\], Cdk4, ornithine decarboxylase \[[@b71]\], carbonic anhydrase II \[[@b78]\] and JNK/c-Jun/AP-1 \[[@b79]\].

RECK is a membrane-anchored inhibitor of metalloproteinases (MMPs) whose reduced expression or inactivation seems to be critical for the invasiveness and metastasis of various cancers, including glioma \[[@b81]\]. Its expression level is also an important prognostic factor for multiple cancer types \[[@b83]\]. miR-21 regulation of RECK expression was detected in glioma and osteoblas-toma cancer cells \[[@b49]\] and gastric cancers \[[@b5]\]. In glioma, RECK appears to be a principal target that mediates miR-21 invasiveness and possibly angiogenesis by inhibiting activities of MMP-2, MMP-9 and other MMPs. Interestingly, RECK also appears as the major miR-21 target and MMP regulator in mouse uterus during embryo implantation and in endometrial adenocarcinoma Ishikawa cells \[[@b84]\]. Therefore, miR-21 may be a key regulator of normal cell motility and invasiveness during developmental processes (*e.g.* blastocyst implantation), as well as of cancer cell invasiveness.

Another recently identified miR-21 target, perhaps more confined to several cell types, is mammary serine protease inhibitor or maspin \[[@b60]\], a non-inhibitory serpin with tumour-suppressive properties. The molecular mechanisms underlying maspin\'s pro-apoptotic, anti-angiogenic and anti-metastatic functions are diverse \[[@b85]\]: transcriptional control by regulation of chromatin remodelling activities and direct interactions with transcription factors, regulation of GSH redox system and thus maintaining cellular homeostasis and responding to cellular stress and regulation of integrin profile and invasiveness of the cell. So far, miR-21 regulation of maspin expression has been demonstrated exclusively in metastatic breast MDA-MB-231 cells.

NFIB, a phylogenetically conserved miR-21 target, is a member of the NFI gene family, often functioning as a versatile transcriptional repressor of many promoters either through competition with other transcriptional factors for binding or through changes in the nucleosome structure. This protein is essential for lung maturation and brain development, but its function in cancer is not well studied yet. miR-21 regulation over NFIB mRNA has been demonstrated in HCT-116 colon carcinoma, HL-60 myeloid cells \[[@b25]\] and glioma \[[@b49]\].

Tropomyosin 1 (TPM1), a protein with potential of suppressing cell growth and invasiveness of breast carcinoma, is the only miR-21 target identified in the analysis of MCF-7 tumours by a proteomics approach \[[@b58]\]. Perhaps this fact can be explained by the high expression of this actin-binding microfilament-stabilising protein. Interestingly, although miR-21 inhibits TPM1 protein translation in MCF7 cells, steady-state TPM1 mRNA levels are not affected by miR-21. However, in human glioma cells, TPM1 mRNA levels were up-regulated by anti-miR-21 \[[@b49]\]. It should be noted though that the miR-21 binding site within TPM1 mRNA is not conserved in rodent cells and therefore TPM1 may represent a human-specific target.

Sprouty2 (SPRY2), a protein that affects cellular outgrowths, branching and migration and is down-regulated in a number of cancers expressing high miR-21 levels, has been described as a direct miR-21 target in cardiocytes and colon cancer SW480 cells \[[@b86]\]. It can represent a physiologically relevant miR-21 target in cardiac hypertrophy and perhaps some developmental processes and specific forms of cancer.

miR-21 also regulates expression of the well-known tumour suppressor phosphatase and tensin (PTEN) homologue and downstream PI3-kinase signalling in human cholangiocarcinoma and hepatocellular carcinoma cells \[[@b51]\]. Both miR-21 and anti-miR-21 modulate PTEN levels and a luciferase construct containing PTEN 3′UTR. Furthermore, down-regulation of PTEN by siRNA attenuates the effects of anti-miR-21 on hepatocellular carcinoma cell growth and invasion. Given the importance of the PTEN pathway and the frequency of PTEN mutations or silencing in a variety of cancers, the effects of miR-21 on PTEN expression have been tested in additional cell lines. Modulation of PTEN protein expression by miR-21 was detected in a colon cancer cell line \[[@b52]\] and VSMCs \[[@b21]\], but not in the MCF-7 breast cancer \[[@b53]\], A549 non-small cell lung cells \[[@b88]\] or glioma cells \[[@b49]\]. It is still unclear whether miR-21 may regulate PTEN directly or not since the miR-21 binding site in the PTEN mRNA has not been characterised yet. In addition, so far, no mutation analysis abolishing a direct binding and targeting by miR-21 has been performed. Whether direct or not, miR-21 regulation over PTEN appears to be cell specific rather than being common to a number of cancers.

miR-21 in gliomas: targeting cell cycle, apoptosis and invasion
===============================================================

Our recent work on a glioma cell model, in which miR-21 was either inhibited by the most potent and specific 2′O-MOE ASO or overexpressed with a synthetic duplex RNA, allowed us to survey miR-21 signalling in a more detailed way \[[@b49]\]. One interesting question emerging from our studies referred to miR-21\'s role in targeting the expression of functionally related proteins; in other words, whether it regulates a specific signalling pathway in a certain cellular environment.

Transcriptional profiling of cells after miR-21 knockdown revealed changes in the expression of ∼570 genes (*P*\< 0.05) associated with various biological functions \[[@b49]\]. DNA damage response genes, regulators of cell cycle arrest and positive regulators of apoptosis were enriched among the genes that were up-regulated within 24 hrs. Among down-regulated genes, those involved in stress response, apoptosis, regulation of signal transduction (particularly, JNK cascade, MAPKKK cascade and stress-activated protein kinase pathway) and, most significantly, genes associated with blood vessel morphogenesis and development were strongly enriched (e \< 10^−4^). This molecular profiling suggested that miR-21 regulates multiple genes involved in several cellular programmes in glioma cells. From a technical perspective, accurate analysis of mRNA expression profiling after miR-21 knockdown and overexpression in combination with bioinformatics analysis enabled discrimination between direct targets and indirect downstream effects. Notably, the previously identified miR-21 targets TPM1 and NFIB, whose mRNA levels previously seemed unchanged by miR-21 \[[@b25]\], were detected by our arrays, suggesting that destabilisation of mRNA targets is a general (though a weak) mechanism of miRNA regulation.

In addition to several validated miR-21 targets described above (PDCD4, RECK, TPM1 and NFIB), many seed-containing computationally predicted (by commonly used algorithms TargetScan, PicTar Miranda and RNA22) targets indeed respond to both increased and decreased levels of miR-21 \[[@b49]\]. Among them are the following: *STAT3, SOX2, PELI1, Yod1, PPARA, GPR64, RASGRP1, FAM63B, TIMP3, CDC25A, GLCCI1, TRIM59, CCDC14, PLEKHA1, CPEB3, MSH2, TNFRSF11B, ANKRD46, Sesn1, FAM3c* and *APAF1*. Several of these genes play important roles in glioma biology and in carcinogenesis, and may likely represent direct miR-21 targets yet to be validated. For example, *APAF1*, the apoptotic protease activating fac-tor-1, is the molecular core of the apoptosome. It is typically required for activation of those caspases that initiate apoptosis \[[@b89]\]. *APAF1* 3′UTR contains a strong miR-21 binding site (9-mer binding at miR-21 5′ end), and therefore it is likely one of the direct miR-21 targets. In gliomas, *APAF1* is often inactivated or down-regulated \[[@b91]\], and our data suggest that these effects can be at least partly due to miR-21 regulation, in addition to the reported chromosome 12q22--23 LOH and hypermethylation \[[@b91]\]. Overexpression of *APAF1* by viral transduction could induce apoptosis in glioma cells and may be beneficial in glioma treatment \[[@b92]\]. *STAT3*, the other gene that may have a tumour suppressor function in GBM \[[@b93]\], is also negatively regulated by miR-21, according to the microarray data, and is a predicted miR-21 target \[[@b49]\]. *TIMP3*, a tissue inhibitor of MMPs that inhibits angiogenesis and tumour cell infiltration and induces apoptosis \[[@b95]\], is also extensively regulated by miR-21 in glioma and MCF7 breast cancer and U2OS osteobastoma cells \[[@b49]\]. Though *TIMP3* 3′UTR has two putative miR-21 binding sites, we were unable to validate its direct binding using a luciferase reporter system. Nevertheless, *TIMP3* down-regulation in a number of cancers, including GBM, hepatocellular carcinoma and adenocarcinoma, is associated with tumour cell invasiveness and increased angiogenesis and is clearly caused, at least partly, by miR-21.

The role of other genes associated with cancer and (possibly directly) regulated by miR-21, such as TGFB2, CDC25a, PPARA, SKP2, MEIS1, LIFR and CPEB3, and their contribution to miR-21 pleiotropic function have to be further investigated \[[@b49]\]. It is also worth noting that miR-21 inhibition leads to the reduced expression of several critical oncogenes, including MYC, Jun, RELB and LIF, and MYC reduction was also detected by a similar analysis performed on breast cancer MCF7 cells \[[@b53]\]. Therefore, it appears that multiple critical proteins associated with the glioma cell cycle, apoptosis and invasion, rather than a single signalling pathway, are regulated by miR-21.

miR-21 networking and feedback regulation
=========================================

Interestingly, miR-21 seems to be involved in a number of positive and negative feedback loops, and therefore is a part of the complex regulatory network operating in both normal and diseased cells ([Fig. 2](#fig02){ref-type="fig"}). These complex regulations may explain why miR-21 is probably one of the most dynamic miRNAs responsive to various stimuli.

![Model of miR-21 network and feedback regulation. Maturation of miR-21 from pri-miR-21 is shown in the center of the model. miR-21 direct target genes are depicted on blue background. Genes shown on green background are regulated (probably indirectly) by miR-21 and are involved in miR-21 processing from pri-miR-21 to pre-miR-21.](jcmm0013-0039-f2){#fig02}

One evolutionary conserved regulatory module consists of miR-21 and its direct target NFIB \[[@b25]\]. NFIB is a transcriptional repressor that suppresses basal expression of the miR-21 gene. In stimulated or cancer cells, it can be displaced from the miR-21 promoter (*e.g.* by AP-1 in PMA-induced cells), which may lead to elevation of miR-21 levels, miR-21 binding to NFIB mRNA, down-regulation of NFIB production and further up-regulation of miR-21 expression.

Another related mechanism of sustained miR-21 expression might involve its transcriptional inducer AP-1. As previously discussed, AP-1 mediates transcriptional activation of the miR-21 promoter \[[@b25]\]. We hypothesize that miR-21, in turn, is capable of inducing AP-1 activity and AP-1-dependent transcription by two, likely independent, mechanisms. First, miR-21 represses expression of PDCD4, a protein that blocks the transactivation of AP-1 by interfering with c-Jun phosphorylation and activation \[[@b79]\]. In addition, miR-21 knockdown in glioma cells leads to down-regulation of c-Jun mRNA \[[@b49]\], suggesting that miR-21 indirectly activates expression of c-Jun and thus may also induce AP-1-dependent transcription. Since AP-1 itself acts as an miR-21 inducer in cancer cells, it can in fact initiate the self-perpetuating circle of AP-1-dependent transcription of cancer genes.\*

Both feedback mechanisms, the first double-negative and the second double-positive, may contribute to high levels of miR-21 expression in cancer and suggest a self-sustained machinery of miR-21 expression. It was noted, though, that overexpression of exogenous miR-21 caused only a moderate increase in the production of endogenous miR-21 \[[@b25]\]. While this topic requires further investigation, additional negative regulatory mechanisms that help stabilise miR-21 levels in the normal cellular environment may exist, one of them being STAT3-mediated IL-6--miR-21 autocrine feedback. STAT3-dependent miR-21 transcription has been demonstrated in several cell types \[[@b36]\], and it may be one of the factors inducing miR-21 expression in some cancers. miR-21, in turn, may down-regulate STAT3, since it has two conserved miR-21 binding sites, and STAT3 mRNA levels were regulated in glioma cells by both miR-21 inhibition and overexpression \[[@b49]\]. Such a regulatory loop between miR-21 and IL-6/STAT3 may provide a feedback mechanism for stabilizing miR-21 expression and balancing STAT3 signalling.

Further work is also required to explore the potential relationship between miR-21 and TGF-β signalling. As discussed earlier miR-21 maturation is induced by TGF-β and BMP4 ligands \[[@b42]\]. Analysis of our arrays indicates that miR-21 may regulate, either directly or indirectly, TGF-**p**2, BMP4 and EGF factors, as well as receptors TGF-**p**R1 and TGF-**p**R2 (that are predicted as direct miR-21 targets) \[[@b49]\]. Recent data by Papagiannakopoulos *et al*. also suggest the regulation of the TGF-β pathway by miR-21 \[[@b97]\]. If validated, the involvement of miR-21 in the TGF-β pathway will be important for understanding complex molecular networks associated with oncogenic and tumour-suppressive properties of these molecules. Particularly, it would be very interesting to investigate whether miR-21 accumulation in cancer progression leads to reduced expression of TGF-β receptors, which may result in resistance to growth inhibition by TGF-β, explaining the characteristic but poorly understood switch of TGF-β from tumour suppressor to tumour promoter.

miR-21 as a diagnostic and prognostic marker
============================================

Strongly elevated expression of miR-21 in a variety of human neoplastic disorders and its demonstrated regulatory potential in targeting a number of important tumour suppressor genes suggest that miR-21 can be used as a diagnostic biomarker. Furthermore, if miR-21 expression is causal to the progression of cancer, its elevated levels may be associated with more advanced stages of the disease and may be prognostic. Since this miRNA is one of the most abundant in a variety of cancer cells, and thus easily detectable, data from multiple studies suggest that it could be uniquely suited as a biomarker.

Generally, more advanced/malignant tumours indeed express higher levels of miR-21. For example, miR-21 expression is significantly up-regulated in glioma progression from low grades to GBM (most malignant grade IV glioma) \[[@b1]\]. In breast cancer, miR-21 overexpression correlates significantly with advanced clinical stage, lymph node metastasis and patient\'s poor prognosis \[[@b98]\]. miR-21 expression is significantly higher in colon adenocarcinomas than in their precursor stage adenomas and correlates with the adenoma staging \[[@b99]\] and the development of metastasis \[[@b100]\]. Moreover, in a large study performed by Schetter *et al*. \[[@b99]\] on two independent cohorts totaling ∼200 colon adenocarcinoma patients, miR-21 was the only miRNA associated confidently with poor survival and poor therapeutic outcome. In pancreatic endocrine tumours, high miR-21 levels correlate with more aggressive tumours, as signified by an increased Ki67 proliferation index and the presence of liver metastases \[[@b66]\]. A group of pancreatic ductal adenocarcinoma patients with lower miR-21 expression demonstrated a 50% longer survival than the remainder of the patients tested, though it was not statistically significant due to the small number of tumours analysed \[[@b101]\]. In a study performed on 48 pairs of non-small cell lung cancer (NSCLC) specimens, miR-21 overexpression correlated inversely with overall survival of the patients, suggesting that a high level of miR-21 is an independent negative prognostic factor for survival in NSCLC patients \[[@b102]\]. However, in gastric carcinomas in which miR-21 can serve as a diagnostic marker, its levels did not seem to have prognostic value \[[@b103]\]. Strikingly, a recent report about miR-21 expression in patients with DLBCL suggests that high levels of tumoural miR-21 were associated with a better prognostic outcome \[[@b12]\]. Moreover, high expression levels of miR-21 in DLBCL patient sera were found to be associated with improved relapse-free survival time, though not with overall survival \[[@b104]\]. Why DLBCL patients with lower miR-21 levels have a poorer clinical prognosis remains to be determined. Overall, these combined data clearly indicate that the miR-21 molecule could match the rigorous criteria of an ideal biomarker in our search for non-invasive tools for the diagnosis and management of cancer.

Recent advances in the characterisation of tumour-derived exosomes (also called microvesicles) further extend miR-21\'s utility as a biomarker. Exosomes are the 'bioactive vesicles' released by many tumours (as well as some normal cells of various origins) that are taken up by surrounding host cells, and therefore function to promote intercellular communication \[[@b105]\]. Tumours also release exosomes into peripheral circulation, and exosomes can be readily isolated from patients' blood by differential centrifugation or using tumour markers such as epithelial cell adhesion molecule (EpCAM). Exosomes contain specific sets of proteins and RNA and seem to be particularly enriched in miRNAs. Recent studies performed on circulating tumour exosomes from ovarian and lung cancer patients indicate a high degree of correlation between the miRNA profiles of the tumour and its corresponding exosomes \[[@b106]\]. Similarly, miRNAs elevated in biopsies of GBM patients were also detected in corresponding serum-derived exosomes \[[@b107]\]. In both studies, miR-21 was one of the most abundant miRNAs detected in patients' circulating exosomes. These data suggest that miR-21 levels in exosomes can be used as a surrogate marker for diagnostic or prognostic biopsy profiling. While validation studies will be necessary prior to bypassing the use of tumour mass biopsies, it is possible that, for a number of human neoplasias, miR-21 levels in peripheral circulation may serve as a measure of cancer stage or for the monitoring of therapeutic response or disease recurrence.

Potential therapeutic target
============================

Ideal therapeutic targets should be causally associated with disease and suitable for designing therapeutic interventions. In this review, we have described a function of miR-21 associated with tumour cell invasiveness and resistance to apoptosis and its direct regulation of multiple tumour suppressor genes, pro-apoptotic and anti-invasive. The accumulated data support a very attractive idea that sequence-specific inhibition of a single oncomir, miR-21, can provide a novel therapeutic approach for 'physiological' modulation of multiple proteins whose expression is de-regulated in cancer. The findings of in vivo efficacy of miR-21 inhibitors against breast carcinoma suggest therapeutic potential for such modulation. Indeed, treatment with anti-miR-21 oligonucleotides reduced breast cancer MCF-7 xenograft growth by approximately 50% for up to 2 weeks \[[@b54]\]. miR-21 inhibition also induces apoptosis and blocks anchorage-independent growth of hepatocellular carcinoma \[[@b17]\]. While the data suggesting pro-apoptotic effect of miR-21 inhibitors on glioma cells *in vitro* and *in vivo*\[[@b1]\] were not validated by application of the potent and specific 2′O-MOE inhibitor, this inhibitor, nevertheless, had significant effects on glioma cell migration and invasion and reduced MMP activities in a mouse model of human glioma xenografts \[[@b49]\]. Effects of miR-21 inhibitors on proliferation and apoptosis of VSMCs also suggested miR-21 as a new therapeutic target for proliferative vascular diseases such as atherosclerosis, post-angioplasty restenosis, transplantation arteriopathy and stroke \[[@b21]\].

miR-21 modulation may also sensitise cells and play a role in modulating drug response. Several reports suggest that miR-21 is one of the key miRNAs playing a broad role in sensitivity to chemotherapeutic agents. It has been demonstrated that suppression of miR-21 in a cholangiocarcinoma cell line increased sensitivity to gemcitabine \[[@b87]\]. Similarly, growth inhibition of breast cancer MCF7 cells by topotecan, a clinical camptothecin analogue, was increased by 40% by transfection with miR-21 antisense oligonucleotides \[[@b54]\]. In a study of miRNA effects on drug response performed on three cancer cell lines (non-small lung A549, glioma SNB19 and ovarian OVCAR3), the effects were most prominent for miR-21, whose levels significantly shifted the growth-inhibitory activity of 6 out of 10 compounds tested \[[@b88]\]. The effects were generally consistent among the three different cell lines tested, that is, if decreased levels of miR-21 increased the sensitivity of A549 to a compound, they also increased the sensitivity of the other cell lines. The shifts in drug potency detected did not exceed four-fold in terms of the differences between cells treated with miRNA precursor and with inhibitor, perhaps due to the relatively weak miR-21 inhibitor used in this study. Nevertheless, even small changes in activity could make a difference between the success and failure of cancer chemotherapy. Further research is obviously required to address the therapeutic potential of modulating miR-21 alone and/or in combination with other targets. As for any targeted miRNA, in vivo tests should carefully consider benefits of the miR-21 modulation while taking into account a variety of molecular effects produced at the whole-RNome level (including possible effects not caused by miR-21 but rather associated with expression changes in miR-21-unrelated genes or off-targets).

If the miR-21 modulation approach is found effective, more prolonged effects of its inhibition on tumour growth and invasiveness will be tested and more delivery systems will be developed in the future. Currently, synthetic chemically modified antisense oligonucleotides that can be delivered either systemically or locally \[[@b109]\], and particularly cholesterol-conjugated antagomirs, represent the most powerful tool for silencing a specific miRNA *in vivo*. At first glance, the task of miRNA inhibitor delivery would seem feasible in the era of RNAi and targeted gene silencing. On closer examination, however, this approach will pose at least one serious problem: miR-21 inhibitor drugs may have undesirable side effects including those associated with inhibition of miR-21 in normal non-cancerous cells. Though miR-21 levels are usually low in normal adult cells, functions of miR-21 in normal cells of different origins and effects of miR-21 inhibition in these cells have to be further explored in the future. Cell-specific viral delivery of miRNA 'sponges'\[[@b112]\] for targeted inhibition of miR-21 in diseased (*e.g.* tumour) cells may represent a valuable alternative approach for miRNA inhibition. In any case, strong association of miR-21 with multiple human diseases and its function in controlling a number of key cancer genes make this small molecule an excellent target for future research and likely for gene therapy.

\* Comment: when this review was submitted for publication, a paper describing RAS/AP-1/miR-21/PDCD4 relationship and confirming AP-1/miR-21 regulatory feedback loop has been published (Talotta F, Cimmino A, Matarazzo MR, Casalino L, DE Vita G, D\'Esposito M, Di Lauro R, Verde P. An autoregulatory loop mediated by miR-21 and PDCD4 controls the AP-1 activity in RAS transformation. Oncogene. 2008 Oct 13, epub ahead of print).
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